The effect of NaCI on the endogenous levels of diamine, putrescine and polyamines, spermidine and spermine, was studied in the shoot system of salt-tolerant and salt-sensitive lines of rice (Oryza sativa L.) cultivars during three growth stages. Salt stress increased the levels of diamine and polyamine in varying degrees among nine rice cultivars investigated. Salt tolerant AU 1, Co43, and CSC1 were effective in maintaining high concentrations of spermidine and spermine, while the content of putrescine was not significantly altered in all the growth stages when plants were exposed to salinity. The salt sensitivity in rice was associated with excessive accumulation of putrescine and with low levels of spermidine and spermine in the shoot system of salt-sensitive cultivars Co36, CSC2, GR3, IR20, TKM4, and TKM9 under saline condition. One of the possible mechanisms of saline resistance was observed to be due to the highly increased polyamines against the low increase in diamines. Alternatively, the salt sensitivity could be due to high increase of diamines and an incapacity to maintain high levels of polyamines.
Polyamines are the newest class of compounds to be considered recently as possible plant growth regulators. Specific information on polyamines in salt-stressed plants is scarce. Polyamines have been shown to inhibit senescence in oat protoplast (3) and in whole leaves ofa number ofplant species (1) and to inhibit stress-induced senescence ofbarley leaf discs through stabilization of thylakoid membranes (19) . Recent reports (2, 22) have shown that polyamines play an important regulatory role in plant growth and development.
The accumulation of putrescine in leaves of K+-deficient barley plants was first reported by Richards and Coleman (21) , and subsequent studies by others (26) have established that specific role of polyamines in maintaining a cation-anion balance in plant tissues. The reported data suggest that polyamines may contribute to the osmotic and excess ion adaptation by maintaining a proper cation-anion balance and by stabilizing membranes at high external salinity.
In contrast to halophytes, nonhalophytes vary more in their ability to control ion uptake and translocation of saline environments. The differences in ion regulation, mainly of Na+ and Cl-, cause specific nutritional imbalance that, together with metabolic reactions, is associated with salt tolerance of the species (1 1). Little is known about the physiological basis of the varietal differences of rice in salt tolerance. There is only limited information on the interrelation between salinity and polyamine metabolism of rice (20) .
Nine rice cultivars were employed in this study. In our earlier studies, varietal differences in salt tolerance in terms of vegetative shoot growth and yield were tested (13) , followed by the studies to identify physiological differences in ion regulation and different facets of metabolism, ultimately accounting for salt tolerance and for changes in organic acid (14) , enzymes (15) , Chl (16) , amino acids (17) , and inorganic ions (13, 14) . Having understood some of the cellular and physiological processes that underlie salt tolerance of rice cultivars, as a part of our studies we have examined the changes in the endogenous levels of polyamines that may serve as markers for different phases of the growth response under NaCl saline conditions. The physiological significance of putrescine, spermidine, and spermine levels is discussed with salt tolerance and salt sensitivity of rice.
MATERIALS AND METHODS
The seeds of rice (Oryza sativa L.) cultivars AU 1, Co43, CSC 1 (salt tolerant) and CSC2, Co36, GR3, IR20, TKM4 and TKM9 (salt sensitive) were procured from Tamil Nadu Agricultural University, Coimbatore, Gujarat Rice Research Institute, Navagam, India. The salt-tolerant and salt-sensitive groups were classified in our earlier reports on the basis of growth and grain yield (13, 17) . The pot culture experiments were carried out in earthen pots filled with 7 kg of soil under net (screen) house conditions during the wet season. Salinization was imposed on 3-week-old seedlings grown under nonsaline conditions by adding 750 mL of sodium chloride solution of electrical conductivity 10 mmhos/cm to the pot once a week with a combination of normal watering on other days for 7 weeks. Care was taken to avoid drainage of solution or water. The volume of water or solution used was slightly less than the full field capacity of the soil, and the addition was withheld at the slightest indication of seepage. Control plants received water. A similar method of salt addition was found to be efficient in our earlier studies to test the salt tolerance of rice cultivars (13) (14) (15) (16) (17) . Shoot systems were harvested at 2, 4, and 6 weeks after initial salinization for the estimation of putrescine, spermidine, and spermine contents.
The whole fresh shoot system of control and saline-treated plants was macerated uniformly into pieces of2 mm thickness separately, and one gram of fresh macerated shoot system of the control and saline-treated plants was extracted with 0.3 N TCA. The excess acid was removed by extracting thrice with ether. The extract was chromatographed on a column 0.9 x 15 cm (inside diameter x height) using Amberlite (IRC-50, BDH, K+ form) as described earlier (7). Gradient elution was carried out using the method detailed elsewhere (5) with a solution containing 0.1 mol of sodium phosphate buffer (pH 7.2) and 1.65 mol of sodium sulfate per liter. The flow rate was maintained at approximately 20 mL/h. With the same elution conditions, the elution volumes were as follows: for putrescine, 90 to 120 mL; spermidine, 130 to 167 mL; spermine, 2 10 to 257 mL. The putrescine, spermidine, and spermine contents of elution were determined qualitatively using TLC on MN cellulose 300 plate (12) , and no contamination of other amines was detected from each of the elution volumes. For quantitative determination of the polyamine content of samples, the elution was directly analyzed colorimetrically using dinitrofluorobenzene reagent following the procedure detailed elsewhere (23) . An aliquot ofthe material to be tested, containing 0.02 to 0.1 ,umol of amine, was diluted to 2 mL with water. Then 0.5 mL of saturated sodium borate solution and 0.25 mL of 1.3% dinitrofluorobenzene in acetone solution were added; after thorough mixing, the tube was heated in a 60°C bath for 10 min. After cooling to room temperature, the dinitrophenyl derivative was extracted into 5 mL of 4-methyl-2-pentanone. The absorption was determined at 420 nm. Standards of polyamines were included in each run. All determinations were replicated three times, and all data were statistically analyzed using factoral experimental analysis (9). The above method was chosen for this work due to its simplicity and reliability for the analysis of extensive replication from the field experimentation. Other methods, such as dansylation (28) and benzoylation and HPLC (8), required highly expensive chemicals and analytical instruments making them unsuitable for large scale analysis of polyamines in field-grown plants. RESULTS 
AND DISCUSSION
At the end of 7 weeks of treatment, the electrical conductivity of the soil in which the crops were grown was recorded at 7.95 mmhos/cm. There was a simultaneous increase in Na+ from 2.0 to 15.2 and Cl-from 2.5 to 17.6 meq/L and exchangeable sodium percent from 0.8 to 13.0 as compared to control. In response to this treatment, rice cultivars AU1, Co43, and CSC1 were considered tolerant, and cultivars C036, CSC2, GR3, IR20, TKM4, and TKM9 were considered sensitive to salinity as they exhibited a reduction in growth, in tiller number, in leaf area, in fresh weight and dry weight of shoot, and in grain yield as compared to their controls ( 13) . The effect of salinity on the endogenous levels of putrescine, spermidine, and spermine was greatly affected when expressed as the mean of all the cultivars, and their interaction (salinity x polyamines) was highly significant (P = 0.01) (Table I) . However, compared to the other two polyamines the diamine putrescine accumulation was the most under all the three growth periods of the study. Salinity affected the endogenous levels ofthe total polyamines increasing them from 2.0-to 2.5-fold in response to salinity as shown by the mean values (Table II) . The interaction between the salinization and cultivars with respect to their endogenous levels of polyamines has been well documented. After the fourth week of salinization in the soil medium, when the cultivars were considered individually, the total polyamine content increased steadily with increasing levels of electrical conductivity from 0.8 to 4.1 mmhos/cm, Na+ from 2.0 to 18.4, Cl-from 1.5 to 6.6 meq/L, and exchangeable sodium percent from 0.5 to 13.2 as compared to control. The accumulation oftotal polyamines in saline-resistant cultivars AU 1, Co43, and CSCl was more than the others. Again, the differential capacity of the genotypes to accumulate endogenous polyamines has been well documented by the interaction cultivars x polyamine at P = 0.01 level.
Though the exact biochemical function of polyamines is not clearly known, the requirement of polyamines for DNA replication in bacteria is documented (30) , and increased polyamine biosynthesis also accompanies enhanced cell-division activity in plants (10) . Salt-tolerant AU1, Co43, and CSC1 accumulated less putrescine content than the saltsensitive CSC2, Co36, CR3, IR20, TKM4, and TKM9 at all the growth stages of 2, 4, and 6 weeks after initial salinization. At the final growth stage of 6 weeks after initial salinization, the increase in the putrescine concentration was 1.9 to 40.5% in salt-tolerant AUI, CSCI, and Co43 and 319.7 to 610.2% in salt-sensitive Co36, GR3, CSC2, TKM9, IR20, and TKM4 over their control (Fig. 1) . Earlier investigation revealed that, under saline exposure, the accumulation of sodium in the shoot systems showed negative correlation with plant survival and Chl content in all the nine cultivars of rice used here (16) .
It was observed that AU 1, Co43, and CSC 1 accumulated less Figure 1 . Accumulation of polyamines in the shoot system of NaCI-stressed rice cultivars during different growth stages. sodium and chloride in their shoot systems and less reduction in Chl and survival rate than the rice cultivars Co36, CSC2, GR3, IR20, TKM4, and TKM9. They were also capable of increased accumulation of potassium, calcium, and magnesium ions under the saline stress, contrary to the other saltsensitive cultivars that accumulated high levels of sodium and chloride, and decreased levels of potassium, calcium, and magnesium ions in the shoot system (13) . The analysis of interaction among salinity x polyamines x cultivars (S x P x C) indicated that the cultivars' specificity to accumulate various levels of putrescine, spermidine, and spermine in the shoot system under saline conditions and also the genotypic expression of salt tolerance and salt sensitivity was linked to the capacity to accumulate high levels of these individual polyamines in response to salinization (Fig. 1) .
The excessive accumulation of putrescine in the saltstressed cultivars Co36, CSC2, GR3, IR20, TKM4, and TKM9 may have been toxic and therefore inhibitory to their growth as proved earlier (13) . The toxicity of diamine putrescine in plants was observed when these compounds were used in concentration >1 mM (24) . The toxic levels of putrescine induced chromosomal disturbances in plants (24) . The increase in putrescine in the salt-stress sensitive cultivars Co36, CSC2, GR3, IR20, TKM4, and TKM9 observed under the influence of NaCl, though apparently less than the threshold concentration reported earlier, did not allow us to rule out the possibility of toxic levels in the actively growing cells, as the results reported here did not give any idea about the compartmentalization of putrescine in the growing tissue. The salt-sensitive cultivars exhibited increased levels of sodium ions and decreased levels of potassium, calcium, and magnesium under saline conditions accompanied by 50% reduction in shoot growth (13) . Alternatively, the excessive accumulation of putrescine in the saline-sensitive cultivars could be explained as a result of the starvation for K+, Ca2+, and Mg2+ under saline conditions. As established in many plants, the high accumulation of putrescine may be a response to both K+ and Mg2' deficiency (4) . It was suggested that putrescine was formed in leaves to replace K+, the major inorganic cation, reflecting a homostatic mechanism for controlling cellular pH in higher plants. Thus, the significant increase in putrescine level in the salt-sensitive cultivars in the present study could be due to the differential uptake of ions, resulting in changes in cell pH and ionic balance. For this reason, putrescine content in a number of plants could possibly serve as an early trait for diagnosis of K+ deficit (26) . The slight increase of putrescine content in the salt-treated plants of the salt-tolerant AU 1, Co43, and CSC 1 was comparable with the smaller reduction of growth and development and survival rate. Thus, the biogenic amines (as highly active compounds) could play a dual role in plants; in low concentrations (in AU 1, Co43 and CSC 1), they could act as growth-stimulating substances, and on the other hand, in high concentrations (in Co36, CSC2, GR3, IR20, TKM4, and TKM9), they could inhibit growth with a broad range of action.
Spermidine and spermine contents in the shoot system of salt-tolerant AU 1, Co43, and CSC 1 increased with increasing stages of growth, while there was no significant change in the levels of these in stressed salt-sensitive cultivars Co36, CSC2, GR3, IR20, TKM4, and TKM9 (Fig. 1) . It is generally recognized that spermidine and spermine in higher plants are synthesized from putrescine (4). Consequently, the putrescine accumulation observed in salt-sensitive Co36, CSC2, GR3, IR20, TKM4 and TKM9 in response to NaCl might have resulted from an enhancement of putrescine synthesis or, alternatively, from an inhibition of spermidine and spermine synthesis by the inhibition of the activity of the enzyme Sadenosylmethionine decarboxylase, thus allowing the putrescine pool to accumulate (18, 22, 29) . Likewise, the high level of spermidine and spermine induced by salinity in salt-tolerant AU 1, Co43, and CSC1 suggested stimulation of spermidine and spermine synthesis or inhibition of polyamine oxidase. The activity of spermidine and spermine synthesizing enzyme S-adenosylmethionine decarboxylase was reported to increase in rice under the stress condition of submergence (6). Our results suggest that the increased level of spermidine and spermine might result from a metabolic modification caused by growth processes in a saline environment. It has often been postulated that a high spermidine and spermine content was generally associated with rapid tissue growth (25) . Possibly during the period of metabolic adaptation to salinity, spermidine and spermine play the part of stabilization of membrane systems. Such a correlation between spermidine and spermine, on the one hand, and the changes in permeability and/or the stabilization of the cell membrane, on the other hand, was suggested in radish (1) .
The present experiments indicated that salt-tolerant rice cultivars AU 1, Co43, and CSC 1 drastically accumulated high levels of spermidine and spermine resulting in enhanced level of total polyamine, with a relative decrease in putrescine content. The most significant aspect of salt sensitivity in cultivars Co36, CSC2, GR3, IR20, TKM4, and TKM9 was their excessive accumulation of putrescine and their inability to maintain high levels of spermidine and spermine in their shoot systems when exposed to saline environment. Thus, these findings could offer a partial explanation for the physiological role of the varying endogenous levels of the important amines that could govern the mechanism of salt resistance.
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